summary 1. A group of eight male patients with moderate hemiparesis was studied at rest and during 40 min of exercise on four occasions. Both two-leg and one-leg exercise were performed and each leg was studied separately. Arterial concentrations and leg exchange of carbohydrate substrates and free fatty acids were examined. In addition, the concentrations of intramuscular metabolites for each leg were measured at rest and immediately after exercise, 2. In two-leg exercise, oxygen uptake for the paretic leg was significantly lower than for the non-paretic leg at rest (55%) as well as during exercise (40%). Glucose uptake by the paretic leg was smaller (25-50%) and there was no measurable net leg exchange for lactate. Recordings of pedal pressure indicated that the paretic leg did considerably less work than the non-paretic leg throughout the exercise period. The rate of uptake of oleic acid was lower for the paretic leg (50%) in the resting state but similar for the two legs during exercise. The recovery of 14C02 from [*4c]oleic acid during exercise was significantly reduced for the paretic leg.
Introduction
Studies of the ultrastructure of paretic muscle from patients with upper motor neuron lesions have demonstrated an altered appearance of the mitochondria. Changes were seen in both the outer and the inner mitochondrial membrane and the number of mitochondria was reduced (Ahlqvist, Landin & Wroblewski, 1975) . A low activity of succinate dehydrogenase, an oxidative enzyme localized to the inner mitochondrial membrane, has also been reported for this type of muscle (Saltin & Landin, 1975) . In view of these ultrastructural and enzymatic alterations in paretic muscle, it is conceivable that changes can be found in substrate utilization and mucle metabolism. Studies of paretic human forearm muscle during rhythmic exercise induced by stimulation of the median nerve have demonstrated an abnormally augmented production of lactate, as well as a reduced ability to oxidize free fatty acids (Hagenfeldt, Landin & Wahren, 1971) . However, contraction induced by direct electrical stimulation of a motor nerve results in a nonselective recruitment, involving both type I and type I1 fibres, which is not normally the case in voluntary muscle activation (Hannerz, 1974; Gollnick, Piehl & Saltin, 1974) . The present study was therefore undertaken to examine further, during voluntary contraction, the metabolic response to exercise in muscle which is paretic secondary to upper motor neuron lesions. To this end, the circulatory adaptation and the pattern of substrate utilization were studied in hemiparetic patients who performed bicycle exercise with one and with two legs.
Methods

Subjects
Eight male patients with partial hemiparesis due to upper motor neuron lesions were studied. Clinical and laboratory data and histochemical findings are given in Table 1 . All patients had moderate hemiparesis, and could walk with difficulty but without aid. They all showed some spasticity of the paretic leg, mainly of the extensor muscles. Six of the patients were employed part-time but the other two were no longer active in their jobs. The nature, purpose and possible risks involved in the study were carefully explained to the patients before obtaining their voluntary consent to participate. The experimental protocol was reviewed and approved by the Ethical Committee of the Karolinska Institute.
Procedure
The patients' ability to perform bicycle exercise was tested before the metabolic study. It was found that even with a low work load, the patients were unable to exert equal force with the paretic and the non-paretic leg when pedalling with both legs. For this reason the study was undertaken as two series of experiments. In one series the patients performed two-leg bicycle exercise, identical studies being carried out on two occasions, at least 3 weeks apart. The paretic leg was studied on the first occasion, the non-paretic on the second. In the other series, one-leg bicycle exercise was performed, also on two occasions. In this series the same work load was adopted for both legs and the paretic and non-paretic leg was studied in randomized order.
The tests were carried out in the morning after an overnight fast. Teflon catheters were inserted percutaneously into the femoral artery of the leg to be studied, into both femoral veins and into an antecubital vein. The catheters were flushed with sodium chloride solution (150 mmol/l); no heparin was used in the study. Measurements were made at rest in the supine position and during 40 min exercise performed in the upright position on a bicycle ergometer. The work load, determined on the basis of a previous exercise tolerance test, was chosen as the highest load that the patient was able to sustain for 40 min. In all patients it was 5&65 W in the two-leg exercise and 10 W in the oneleg exercise. During the two-leg exercise, a continuous infusion of albumin-bound ['"CIoleic acid was given into an antecubital vein (approx. 0.5 CcCilrnin) for 30 min in the resting state and then during the entire exercise period. Arterial and femoral venous blood samples were collected at time intervals at rest and during exercise for the determination of oxygen content, glucose, lactate, free fatty acids, oleic acid specific radioactivity and 14C02 (two-leg exercise). Leg blood flow and pulmonary oxygen uptake were measured at rest and after 10 and 40 min of exercise. A needle biopsy of the lateral portion of the quadriceps muscle (Bergstrom, 1962 ) was performed at rest and immediately after the 40 min exercise period for analysis of intramuscular metabolites.
The pressure exerted on the bicycle pedals was monitored with strain gauges (Hoes, Binkhorst, Smeekes-Kuyl & Vissers, 1968) and recorded with an ink jet recorder (ElemaSchonander, Stockholm). During the two-leg exercise the output from the strain gauges was displayed on an oscilloscope, which could be viewed by the patient, who was asked repeatedly during the exercise period to apply pressure as equally as possible to the pedals. Before the metabolic study a muscle biopsy was obtained percutaneously from the lateral portion of the quadriceps muscle of the paretic leg for histochemical classification of structural changes ( Table 1) . In order to detect the presence of arterial occlusive disorders, digital plethysmography of the second toe of both legs was performed in all patients before the study. Each individual had normal pulse contours and inclination times of 130 ms or less, thereby excluding arterial vascular lesions of haemodynamic significance (Zetterquist, Bergvall, Linde & Pernow, 1971) .
Analyses
All biochemical analytical methods and the calculations of data have been described in detail previously (Wahren, Felig, Ahlborg & Jorfeldt, 1971 ; Hagenfeldt, W h e n , Pernow, Cronestrand & Ekestrom, 1972; Landin, Hagenfeldt, Saltin & Wahren, 1974) . Leg blood flow was measured with an indicator dilution procedure . Expired air was analysed by the Scholander microtechnique. Leg volume was estimated from water displacement. Skinfold thickness was measured 10 cm above the patella with a skinfold caliper (pressure 10 g/mm').
Histochemical typing of muscle fibres was undertaken as described by Engel (1962) . The relative distribution of type I and type I1 fibres was estimated for each leg in two or three slides, 250-300 fibres being counted in each. The relative area of different fibre types was also estimated, 20 fibres each of type I and type I1 being chosen within the same specimen of the muscle and the area estimated by planimetry. On the biopsy material obtained at rest and after exercise, periodic acid/Schiff reaction staining was performed. The intensity of the stain was evaluated subjectively in four classes
(1-4), 1 indicating absence of staining and 4 maximal staining (Gollnick, Armstrong, Saubert, Piehl & Saltin, 1972 
Results
lko-leg exercise
All patients completed a 40 min exercise period. In spite of efforts to apply equal force to the pedals, some skewness was seen in each patient. From the tracings of pedal force it was estimated that the paretic leg performed 28-43 % (36+2%) and the non-paretic leg 57-72% (64 +2%) of the total work load.
Heart rate, leg blood flow and oxygen uptake. ( Table 2) . Heart rate at rest was similar on the two occasions but during exercise it rose slightly more (3-9%) on the kst. Pulmonary oxygen uptake rose four-to fivefold above basal during exercise, the increment being approximately 10% greater on the first occasion Blood flow to the paretic leg in the resting state was approximately 40% lower than that to the non-paretic leg (P < 0.01). This difference became even more pronounced during exercise, blood flow to the non-paretic leg exceeding that to the paretic by 120-160% (P<O.Ol). At rest, oxygen uptake by the paretic leg was approximately 55% of that by the non-paretic leg. The corresponding value during exercise was 4 0 4 5 % ( Table 2) .
Carbohydrate substrates ( Table 2 and Fig. 1 ). The arterial concentrations of glucose in the resting state and during exercise were not significantly different on the two occasions ( Fig. 1 ). Leg uptake of glucose for the paretic leg at rest was no more than 50% of that for the non-paretic leg (P<O.Ol) ( Table 2) . During exercise the uptake of glucose rose for both legs, the paretic leg reaching only 23-30% of the values for the non-paretic leg (0.05 > P > 0.01).
The arterial concentration of lactate in the resting state was similar on the two occasions (Fig. 1) . During exercise the arterial lactate concentration rose two-to fivefold, the increase being approximately 2040% greater on the first occasion (P<O,O5). Both legs showed a small release of lactate in the resting state ( Table 2) . During exercise no significant net exchange of lactate was demonstrable for the paretic leg but a substantial release was seen for the non-paretic leg.
(P < 0.05). (Table 3 and Fig. 1 ). The concentration of plasma free fatty acids ( Fig. 1 ) and oleic acid turnover (Table 3) were similar on the two occasions at rest. During exercise, however, the arterial concentrations were consistently higher, by approximately 15%, during the first study (PqO.05). In the resting state the fractional uptake of oleic acid was lower for the paretic than the non-paretic leg (P<O.O5). During exercise the fractional uptake remained essentially unchanged for the paretic leg but for the nonparetic leg it decreased to significantly lower values than had been observed at rest (P < 0.01).
S. Landin et a).
Metabolism of free fatty acids
The fractional uptake of oleic acid by the paretic leg during exercise showed an inverse relationship both to its arterial concentration (r = 0.86, P<O.O5) and to the plasma flow of the leg (r = 0.84, P<O.O5). Neither of these correlations was observed for the non-paretic leg (r = 0.10 and 0.02 respectively).
The rate of uptake of oleic acid by the paretic leg at rest was about half that by the nonparetic leg (P <0.02). During exercise this difference became less pronounced and was no longer statistically significant, inasmuch as the higher arterial concentration during the first study and the greater fractional uptake of oleic acid by the paretic leg partially compensated for its lower blood dow. The rate of release of oleic acid was lower from the paretic leg at rest (P < 0.02) but became higher during exercise (P<O*O5), compared with the nonparetic leg. Recovery of 14C02 in femoral Table 4 . Muscle tissue from the paretic and non-paretic legs showed similar concentrations of ATP and creatine phosphate in the resting state. ATP and creatine phosphate concentrations fell during exercise to a similar extent for the two legs (0.05>P>0.025). The concentration of lactate was higher for the nonparetic leg both at rest and during exercise (P c 0.01). Glycogen concentration was similar at rest for the two legs; for the paretic leg there was no significant fall during exercise, whereas the non-paretic leg showed a decrease that averaged 29 + 5 pmol/g (P < 0.01).
Glycogen depletion pattern.
Histochemical examination of the glycogen content of type I and I1 fibres by periodic acid/Scm staining indicated an equal and largerly normal distribution of glycogen between the two fibre types (Piehl, 1974) in the resting state for both paretic and non-paretic muscle. Muscle samples obtained from the paretic leg after exercise showed very little reduction in stainability with periodic acid/Schiff in either fibre type, suggesting minimal glycogen utilization, in keeping with the direct determinations of total glycogen content. In contrast, post-exercise biopsy specimens from non-paretic muscle showed a selective depletion of glycogen in type I fibres, the glycogen content of type I1 fibres being comparable with that seen at rest before exercise.
One-leg exercise
Heart rate, leg blood flow and oxygen uptake ( Table 2) . Heart rate at rest was similar on the two occasions but rose to a higher value during exercise with the paretic leg (P<O.O25). Pulmonary oxygen uptake rose four-to five-fold during exercise with the paretic leg, compared with a twofold increase during non-paretic leg exercise.
Leg blood flow for the paretic leg in the resting state was 30% lower than for the nonparetic leg (P < 0.05). During exercise, blood flow rose significantly but less markedly for the paretic leg, the average flow during exercise being 25% lower than for the non-paretic leg. The arterial/femoral venous oxygen difference at rest was lower for the paretic leg (P<O.O25) but became similar for the two legs during exercise. Leg oxygen uptake at rest was 30% lower for the paretic leg ( P i 0.025) and during exercise the differences in oxygen uptake for the two legs paralleled those for blood flow ( Table 2) .
Carbohydrate substrates and free fatty acids ( Table 2 and Fig. 1) . As in the two-leg study, the arterial concentrations in the resting state for glucose, lactate and free fatty acids were similar on the two occasions (Fig. 1) . Exercise with the paretic leg induced no change in arterial glucose, and a small decrease was seen during non-paretic leg exercise (P <0.05).
Both the lactate and the free fatty acid concentrations displayed a similar pattern of change during exercise with the paretic and the non-paretic leg (Fig. 1) . The uptake of glucose was similar for the two legs at rest as well as during exercise ( Table 2 ). The leg release of lactate during exercise was significantly greater for the paretic leg during the initial phase (P < 0.025) and remained at a higher value throughout the exercise period (P < 0,025; Table 2 ). (Table 4 ) . Muscle tissue from the two legs showed similar concentrations for ATP and creatine phosphate in the resting state. During exercise the ATP concentration fell more for the paretic leg (-22%) than for the non-paretic (-11 %) (P < 0.025). No differences were discernible in concentrations of creatine phosphate during exercise. Lactate concentration was similar at rest but after 40 min of exercise it was more than twice as high in muscle from the paretic leg (P < 0.05). Muscle glycogen concentration was similar for the two legs at rest. During exercise, however, the decrease for the paretic leg was double that for the non-paretic(P < 0,025, Table 4 ) .
Intramuscular metabolites
Glycogen depletion pattern.
Although the reduction in total glycogen content was relatively small (Table 4), some differences were seen between type I and I1 fibres. For the paretic leg, a greater depletion of glycogen was seen for type I1 fibres than for type I (Fig. 2) . This was most clear in subject L.N., who also displayed the greatest reduction in muscle glycogen concentration (rest: 57 mmol/kg; after exercise: 17 mmol/kg, Fig. 3) . In contrast, examination of specimens from the non-paretic leg suggested that glycogen depletion there was greater for type I fibres (Fig. 2) . Muscle fibre composition and limb dimensions. Histochemical examination of muscle biopsy samples from the paretic and the non-paretic leg made it possible to evaluate the relative distribution as well as the relative area of type I and type I1 muscle fibres. As illustrated in Table 1 Jansson, 1976) . Since for the paretic leg the prevalence of type I1 fibres was 73+4%, it may be concluded that the paretic muscle of the present patients had an increased incidence of type I1 fibres, of about normal size.
A comparison of the findings for the paretic and the non-paretic leg indicated that the relative occurrence and the relative area of type I1 fibres were greater for the paretic muscle (0.01 > P > 0.001); the opposite changes were noticed for type I fibres (P<O.OOl). The findings for muscle tissue for the non-paretic leg, with regard to relative occurrence and relative area of fibre types, do not differ significantly from previous reports on quadriceps muscle from sedentary healthy men (Edstrom & Nystrom, 1969; Gollnick et al., 1972) .
Leg volume, as measured by water displacement, was 11.0 + I -2 litres for the paretic leg and 11.9f 1.3 litres for the non-paretic leg (P < 0.05). Similarly, skinfold thickness at mid-thigh level was 14.8k2.5 mm for the paretic and 11.3 k 1.7 mm for the non-paretic leg (P < 0.05).
Discussion
When evaluating the substrate utilization of paretic versus non-paretic muscle it must be borne in mind that the work performed by the two legs differed quantitatively as well as qualitatively. From a quantitative point of view, the two-Ieg-exercise studies showed that the patients were unable to distribute the work equally between the two legs; on the average, the non-paretic leg performed almost twothirds of the total work. It appears that this skewness in the distribution of the work performed corresponded to a state where the relative work intensity was about the same for the two legs. The maximal pulmonary oxygen uptake during oneleg exercise has been determined in the present patient group: during paretic leg exercise it was found to be 50-60% of that during maximal work with the non-paretic leg (Saltin & Landin, 1975) . Inasmuch as the oxygen uptake by the paretic leg during the two-leg exercise was 40-50% of that by the non-paretic (Table 21 , these data suggest that the relative work load was roughly 50% of maximal capacity for both legs. During the one-leg exercise, on the other hand, the work load was the same for the two legs and the two types of exercise experiments thus make it possible to compare the metabolic behaviour of paretic and non-paretic muscle during exercise with the same relative as well as the same absolute work intensity. There were also qualitative differences in the work performed by the two legs, as revealed by the pressure recordings from the pedals. The non-paretic Ieg behaved normally, with a peak force developed 330-250 ms after top dead end (pedals vertical), and only minor notches on the ascending and descending limbs of the pressure curve. The tracings from the paretic leg, on the other hand, showed an initial peak after only 90 ms, followed by a plateau and then a second peak after 300-350 ms (Pig. 4) . This probably indicates that in this type of exercise, contraction in the paretic muscle was initiated by recruitment of fasttwitch, type I1 fibres. The pattern of muscle fibre recruitment during bicycle exercise in normal man has not been described but measure ments of glycogen depletion in different types of muscle fibres suggest that at submaximal work loads (as employed in the current study) the type I fibres are responsible for the major part of the work output in healthy subjects (Gollnick et al., 1974) there may be an activation of type I1 fibres (Grimby & Hannerz, 1977) . The spastic muscle in the hemiparetic patients seems to have an equal pattern of muscle fibre recruitment order; the metabolic results may be taken to support this interpretation (cf. below).
Blood flow and oxygen uptake at rest in the paretic leg were 31145% lower than in the non-paretic leg. These results agree with earlier observations of a decreased blood flow in the chronically denervated, inactive forearm (Duff & Shepherd, 1953) and in the forearm and calf in patients with Friedreich's ataxia, the reduction becoming more marked with increasing degree of physical handicap (Thorh & Wahren, 1964) . It is not possible to decide from the present results whether the basal oxygen consumption per weight of paretic muscle was actually reduced or not. The volume of the paretic leg was 8% less than that of the nonparetic and the reduction in muscle mass was probably greater, since the skinfold thickness on the thigh of the paretic leg was larger.
During the two-leg exercise, blood flow and oxygen uptake in the paretic leg were reduced roughly proportionally to the lower work intensity of this leg. However, despite the equal work load during one-leg exercise, these variables remained lower in the paretic than in the non-paretic leg. At the same time, the pulmonary oxygen uptake was somewhat larger during paretic leg exercise, indicating a reduced mechanical efficiency. These results show that during exercise with the paretic leg the patients made more use of muscle groups which are not included in the metabolic measurements (i.e. outside the region between the femoral artery and vein). These 'extra' muscle groups were probably used both to fixate the body during the contractions and to assist in pedalling (e.g. the gluteal muscles).
Leg glucose uptake at the same relative work intensity (two-leg exercise) was divided between the legs proportionally to the work performed. During exercise at the same absolute intensity (one-leg exercise), on the other hand, glucose uptake was similar in the two legs. This is in accordance with earlier results, showing a rise in leg glucose uptake with increasing work intensity during submaximal exercise (Wahren et al., 1971) . The pattern of leg lactate release was more eomplicated. During two-leg exercise, the arterial lactate concentration was higher and more sustained (Fig. 1) and no net exchange of lactate was observed in the paretic leg. In contrast, one-leg exercise was associated with a larger lactate release from the paretic than from the non-paretic leg. The absolute work intensity for the paretic leg was nominally higher during the two-leg exercise but its oxygen uptake was greater during one-leg exercise. This may help explain the difference in lactate output. Lactate release from an exercising muscle is determined both by the rate of production within the muscle cells and by the concentration difference between muscle and arterial blood. As shown by the data from the two-leg exercise ( Fig. 1 and Table 4), this concentration difference was negligible and the simultaneous lactate production from the non-paretic leg may thus have contributed to reduce the release of lactate from the paretic leg during two-leg exercise. This constraining factor was absent during one-leg exercise; moreover, the results show a considerable difference in carbohydrate utilization in the paretic leg in the two types of exercise. During two-leg exercise, glucose uptake was lower and no significant decrease in muscle glycogen content was observed after the exercise, indicating a lower intramuscular lactate production during this type of exercise.
During exercise at the same absolute work intensity (one-leg exercise), the paretic leg showed a higher lactate production; in accordance with this, the intramuscular lactate at the end of exercise was also augmented. In this situation, the utilization of muscle glycogen was higher in the paretic than in the nonparetic leg and periodic acid/Schiff staining of post-exercise biopsies showed that the reduction of glycogen had occurred mainly in the type I1 fibres (Fig. 3) . In contrast, glycogen depletion in the non-paretic leg occurred mainly in type I fibres during both types of exercise. These results support the suggestion made above, that in one-leg exercise the paretic muscle has to rely on activation of the glycolytic type I1 fibres to initiate contraction, and explain the higher lactate release observed during this exercise. It also seems probable that this dependence on type I1 fibre activation in the paretic leg was less marked during two-leg exercise, when the force developed in each pedal thrust was weaker. The coupling between type I1 fibre activation and lactate release also fits with our earlier observation of an augmented lactate production from the paretic forearm during electrically induced exercise (Hagenfeldt et al., 1971) . The stronger electrical stimulus required to obtain the same work intensity from the paretic compared with the non-paretic forearm, probably involved a more pronounced non-selective recruitment of both type I and type I1 fibres in the paretic arm.
Data on the utilization of free fatty acids were obtained only during two-leg exercise because of the restrictions imposed by the use of a radioactive tracer. The rate of oleic acid uptake by the paretic leg at rest was almost 50% below that of the non-paretic leg. This was an effect not only of the lower blood flow but also of a diminished fractional uptake of oleic acid (Table 3) , which in turn may have been caused by the reduction in muscle mass relative to leg volume. The rate of release of oleic acid, although lower in the paretic than in the non-paretic leg, was not diminished to the same extent as the uptake. The difference in release of oleic acid in the legs became even more pronounced during exercise, the paretic leg showing significantly higher values despite its lower blood flow. This could indicate that blood flow to subcutaneous adipose tissues of the paretic leg was relatively less impaired than blood flow to muscle.
The higher fractional uptake of oleic acid for the paretic leg during exercise is probably related to the lower blood flow, since fractional uptake of free fatty acids correlates negatively to blood flow both in the leg (Have], Pernow & Jones, 1967) and in the forearm . Because of the high fractional uptake, the paretic leg showed a rate of oleic acid uptake which did not differ from that of the non-paretic leg. However, in relation to oxygen consumption, the uptake of free fatty acid for the paretic leg was higher than for the non-paretic, indicating that the low carbohydrate utilization was accompanied by an increased dependence on fat to meet the metabolic demands of exercise.
The finding of a low fractional oxidation of the oleic acid taken up by the paretic leg is in accordance with earlier results for electrically induced exercise (Hagenfeldt et al., 1971) . In view of the pronounced ultrastructural changes in mitochondria and the reduced succinate dehydrogenase activity in paretic muscle (Ahlqvist et a!., 1975; Saltin & Landin, 1975) , these findings could be an effect of a diminished oxidative capacity of paretic muscle mitochondria. The difference in fibre recruitment in the two legs could also have contributed, since it is possible that fatty acids taken up by the comparatively less oxidative type I1 fibres are oxidized less efficiently.
